Extracellular egg coats deposited by maternal or embryonic tissues surround all vertebrate conceptuses during early development. In oviparous species, the time of hatching from extracellular coats can be considered equivalent to the time of birth in viviparous species. Extracellular coats must be lost during gestation for implantation and placentation to occur in some viviparous species. In the most recent classification of vertebrate extracellular coats, Boyd and Hamilton (Cleavage, early development and implantation of the egg. In: Parkes AS (ed.), Marshall's Physiology of Reproduction, vol. 2, 3rd ed. London: Longmans, Green & Co; 1961:1-126) defined the coat synthesized by the oocyte during oogenesis as primary and the coat deposited by follicle cells surrounding the oocyte as secondary. Tertiary egg coats are those synthesized and deposited around the primary or secondary coat by the maternal reproductive tract. This classification is difficult to reconcile with recent data collected using modern molecular biological techniques that can accurately establish the site of coat precursor synthesis and secretion. We propose that a modification to the classification by Boyd and Hamilton is required. Vertebrate egg coats should be classed as belonging to the following two broad groups: the preovulatory coat, which is deposited during oogenesis by the oocyte or follicle cells, and the postovulatory coats, which are deposited after fertilization by the reproductive tract or conceptus. This review discusses the origin and classification of vertebrate extracellular preovulatory and postovulatory coats and illustrates what is known about coat homology between the vertebrate groups.
INTRODUCTION
Extracellular coats (Table 1 and Fig. 1 ) surround all vertebrate conceptuses during early development [2] . In oviparous species, the time of hatching from these extracellular coats can be considered equivalent to the time of birth in viviparous species, while in viviparous squamates and marsupial and eutherian mammals, extracellular coats must be lost to allow implantation and placentation [3] .
Boyd and Hamilton [1] classified vertebrate egg coats (Table 1) according to their site of origin as follows: oocyte (defined as primary), ovarian follicle cells (secondary), and maternal reproductive tract (tertiary). The latter is derived from the Müllerian duct in all vertebrates except teleosts [4] .
This classification is difficult to reconcile with recent data collected using modern molecular biological techniques that can more accurately establish the site of coat precursor synthesis and secretion. The innermost coat, classified as primary or secondary by Boyd and Hamilton [1] , is of primary and secondary origin in sauropsids and eutherian mammals [2, [5] [6] [7] . Furthermore, specific regions of the reproductive tract deposit distinct coats, and uterine-secreted coats are found only in amniotes [4, [7] [8] [9] [10] [11] [12] . Finally, coats deposited by the conceptus in marsupials and eutherians [7, 12] do not fit the criteria of Boyd and Hamilton. We suggest that vertebrate egg coats should be classed as belonging to two groups, preovulatory and postovulatory ( Fig. 1 and Table 1 ). The term conceptus is used to describe all stages of conception from fertilization to birth [13] .
PREOVULATORY COAT

Oocyte Coat
The oocyte coat (Tables 1 and 2 and Fig. 1 ) is deposited during oogenesis by the oocyte (primary) or follicle cells (secondary) and consists of cross-linked sulphated glycoproteins (termed zona pellucida [ZP] proteins). This coat is termed the chorion in teleosts (Fig. 1B) , the vitelline envelope in chondrichthyans (Fig. 1A) and amphibians (Fig. 1C) , and the ZP in amniotes (Fig. 1, D-I) .
In teleosts and birds, ZP proteins of secondary origin are synthesized by the liver under the control of estrogen (teleosts and birds) or by follicle cells (birds) [5] . In teleosts, ZP protein expression is stimulated by cortisol in the arctic char, [33] and in the rainbow trout and gilthead seabream, ZP proteins are synthesized in the ovary [34, 35] .
Oocyte coat homology. Fossilized conceptuses from 570 6 20 million years ago are surrounded by a thin oocyte coat [36] similar in appearance to the ZP, and genetic analysis shows that ZP proteins are highly conserved between the vertebrate classes [37, 38] . Recent reviews [37, 38] detail the homology of ZP proteins between the vertebrate classes and will not be repeated herein except to note that antisera against the teleost or bird oocyte coat cross-react only with oocyte coats of species within the same animal class [39] , suggesting that the protein structure or glycosylation of homologous genes differs between vertebrate classes.
POSTOVULATORY COATS
Reproductive Tract-Derived Coats
Secretion of postovulatory coats by the oviduct and uterus occurs in response to reproductive hormone cues in all vertebrate classes except teleosts [4] . The presence and quantity of reproductive tract-derived coats are highly variable between and within vertebrate classes (Table 2 and Fig. 1 ) [2, 4] , especially where the life history pattern varies [7, 10, 14, 27, 40] .
Although reproductive tract-derived coats are not found in all eutherian groups, most show chemical modifications to the ZP by oviduct or uterine secretions [3, 7, 40] . Fuzzy borders between the preovulatory and postovulatory coats of the rabbit [21] suggest that chemical interactions and the precipitation or diffusion of material between the coats occur in this species at least.
Oviduct-secreted coats. The oviduct-secreted coats of vertebrates variably contain albumen, glycoproteins, or mucoproteins (Table 2) [4, 10-12, 14, 40] and are sometimes the final coats deposited. In chondrichthyans, the egg capsule is thinner in viviparous species than that in oviparous species, possibly highlighting the fact that the former will require less physical protection [17] . Nonaquatic amphibians have fewer but tougher egg jelly layers than aquatic species [10] .
The oviduct secretes six distinct postovulatory coats in birds ( Fig. 1D and Table 2 ) [4] . The innermost two coats, the continuous ''membrane'' and the outer vitelline envelope (Table 2) , are considered part of the ZP. However, because both are secreted by the infundibulum after fertilization [18] , they should be considered oviduct-secreted postovulatory coats.
The use of the term ''membrane'' to describe the extracellular postovulatory coats of sauropsids is incorrect and leads to confusion with the oocyte plasma membrane [2] . Therefore, where the historical name for a preovulatory or postovulatory coat is ''membrane,'' it will be referred to in quotation marks, and the term coat will be substituted subsequently.
An oviduct-secreted coat occurs as albumen in chelonian and crocodilian reptiles ( Fig. 1E and Table 2 ). However, it is absent in squamate reptiles [4, 14] .
In monotremes, the mucoid coat and basal layer of the trilayered shell coat (Fig. 1F) are secreted by the oviduct [28] . However, the basal layer of the shell is secreted by uterine glands that have invaded up into the uterotubal junction [28] , suggesting that its origin is uterine, as in a marsupial, the common brushtail possum [29] . Supporting this, the basal layer increases in volume during uterine gestation [41] . A reevaluation of the cell populations found in the uterotubal junction of monotremes is required to conclusively classify this coat.
In marsupials (Fig. 1G) , mucoid coat secretion (Table 2 ) by the oviduct corresponds with the presence of the conceptus [12] and may be stimulated by physical contact with the zygote [42] . While the ultrastructural appearance of secretory granules differs between the ampulla and isthmus regions in the fattailed dunnart [43] , no difference is found in histochemistry [44] .
Of the eutherian mammals, only the rabbit (Table 2 and Fig.  1I ) receives a distinct oviduct-secreted coat, the mucoprotein layer [21] . However, rodents, primates, ungulates, and some carnivores receive oviduct-secreted additions to the ZP (Fig.  1H) [3, 7, 40] . After extensive analysis, Buhi et al. [40] identified several oviduct-secreted proteins, including oviductal secretory protein, which serves to enhance sperm binding. Their review highlights that the oviduct secretes in a regional fashion several regulatory molecules, protease inhibitors, growth factors, cytokine-binding proteins, enzymes, and immunoglobulins, some of which contribute to or are deposited on the ZP.
Oviduct coat homology. The homology of the oviductsecreted coats has been investigated only in mammals. In eutherians, a high-molecular-weight oviductal glycoprotein is homologous between humans, hamsters, and baboons [45] . Antisera against the oviduct and uterine-secreted coats of the fat-tailed dunnart cross-react with mucoid and shell coats of two other marsupials, the stripe-faced dunnart and the common brushtail possum, and with the rabbit mucoprotein layer and the mouse perivitelline space matrix [46] , supporting the idea of oviduct coat homology.
Uterine-secreted coats. Uterine-secreted coats are found only in amniotes (Table 2) [2, 4, 7, 8, 11, 12, 14] . The uterine epithelium is positively identified as responsible for secreting postovulatory coats only in sauropsids (calcium or aragonite crust) [11] and marsupials [29, 30, 47] . In other amniote classes, light microscopic and ultramicroscopic identification of secretory products similar in appearance to the constituent precursors of the coats has led to their classification as uterine secreted.
Viviparous squamates lack the uterine-secreted outer shell crust (Table 2 ) [14] . They also have a thinner shell ''membrane'' and relative reduction in the uterine glandular epithelial width compared with oviparous species [14, 27] .
The monotreme shell coat (Table 2 and Fig. 1 ) has been suggested to be unique among amniotes [48] because it stretches during the growth of the developing conceptus. However, this growth occurs before the completion of the outer protective matrix [15] , and marsupial and eutherian coats also stretch greatly during conceptus expansion [12] .
Uterine-secreted coats are not distinctly visible in most eutherian species, but uterine contributions to the ZP are found in some groups ( Table 2 ). The rabbit gloiolemma (Table 2 and Fig. 1I ) is deposited on the outer surface of the mucoprotein layer during uterine blastocyst development [21, 49] . To date, no uterine-secreted proteins have been identified in the gloiolemma to our knowledge; however, the timing, position of its deposition, and its similarity to mucous material found in the uterine lumen suggest that it is at least partly derived from uterine secretions [7, 21] . The gloiolemma was named by Boving [49] , who also proposed terminology for the vertebrate extracellular coats, but his use of the term lemma was not widely accepted because of confusion with lipid membranes such as the plasmalemma. Uterine-secreted proteins have been identified in eutherian conceptus-derived coats [50] [51] [52] [53] [54] , but most of these proteins have subsequently been identified as transport molecules [50] or growth factors [51, 54, 55] , which probably travel through the coat to the developing conceptus and are taken up by endocytosis.
Uterine coat homology. The shell ''membranes'' of sauropsids are considered homologous [8] , but the uterine 1D) . In contrast, the inner uterine-secreted coat of reptiles (Fig.  1E ) is probably more homologous to the mammalian uterinesecreted coat (Fig. 1, F , G, and I).
Hill [41] suggested that the basal layer of the monotreme shell is homologous to the marsupial shell coat, and more recent data support this conclusion because both are secreted by uterine glands in the uterotubal junction [28, 29] , have a similar granular structure, initially granular then becoming fibrous [12, 41] , and show an increase in volume during gestation, despite becoming considerably thinner during conceptus expansion [12, 41] .
Coat protein 4 (CP4), a marsupial shell coat protein, is the first uterine-secreted protein identified that contributes to a mammalian uterine-secreted coat [56] . The N-terminus of CP4 shares significant homology with a-enolase, a glycolytic enzyme that also encodes s-crystalline, a structural lens protein found in various vertebrate groups [57] . Because of posttranslational modifications resulting in monomerization [57] , s-crystalline has low enzymatic activity; however, CP4 is predicted not to be enzymatic because the enzymatic domain region, indicated by the presence of glutamines, is not found in CP4 [56] .
The vertebrate lens and marsupial shell coat share similar properties. They are both translucent with significant ability to [56, 57] , suggesting that CP4, like s-crystalline, is a structural protein.
The C-terminus region of CP4 is novel [56] . Therefore, the cp4 gene can be used to investigate the molecular homology of the marsupial shell coat to other uterine-secreted embryonic coats. Results of initial investigations suggest that the highest homology to cp4 is found in the genomic DNA of monotremes and marsupials, with some evidence of homology found in eutherian species thought to have uterine-secreted additions to the oocyte coat [58] .
Conceptus-Derived Coats
Cleavage coat. The extracellular matrix (marsupials) or perivitelline space matrix (eutherians) is extruded beneath the ZP into the perivitelline space by the oocyte (primary origin) in South American marsupials and by the zygote and early cleavage stages (quinary origin) in all marsupials examined ( Table 2 and Fig. 1G ) and in some eutherians, including the rabbit and mouse (Table 2 and Fig. 1I ) [12] [7] .
Blastocyst coat. This coat is deposited beneath the ZP just before or during zona dissolution in some eutherian species (Table 2 and Fig. 1I ), including the rabbit (neozona), horse (capsule), fur seal, and skunk [7] . This coat is thought to be of quinary origin; however, blastocysts developing in rabbits with ligated uteri (or in vitro) do not form a neozona [59] , suggesting that it is at least partially composed of uterine secretions. In the horse, the capsule is deposited by the trophoblast [60, 61] ; however, it does not form in vitro [62, 63] , suggesting that a uterine cue may initiate its expression. Uterine-secreted proteins are found in the perivitelline space associated with the horse capsule [50] [51] [52] ; however, it is not clear whether these proteins form part of the coat or travel through the coat to associate with the conceptus [51, 52, 55, 61, 64] .
Conceptus-derived coat homology. We know nothing about the homology of the conceptus-derived coats. This topic requires further study.
VERTEBRATE EXTRACELLULAR COAT FUNCTION
Herein, we present a few examples of coat function homology between the vertebrate groups. Eutherian coat function has recently been comprehensively reviewed [3, 7] and will not be discussed in detail herein.
Fertilization
The oocyte coat facilitates species-specific sperm binding in all vertebrates except teleosts, in which the micropyle directs sperm to the oocyte plasma membrane [38] . In the externally fertilized cane toad, an egg jelly (oviduct secreted) protein preserves acrosome integrity until sperm reach the vitelline envelope [65] . Oviduct secretions may also act to enhance sperm binding in eutherians [7] .
Block to Polyspermy
In eutherians, polyspermy is inhibited by the release of cortical granule material following fertilization that initiates the ''zona block'' [38, 66] . In birds and mammals, oviduct-secreted coats prevent polyspermy and reduce fertility by inhibiting sperm access to the oocyte coat [7, 18, 67, 68] .
Morphogenesis
Polarized extrusion of extracellular matrix during cleavage stages determines the polarity of the marsupial conceptus by inhibiting blastocele attachment to one pole of the ZP [12] , and the perivitelline space matrix may have a similar role in eutherians (e.g., the rabbit [7] ). The ZP also acts as a scaffold during cleavage and blastocyst formation in marsupials and trophoblast differentiation in eutherians [7, 12] .
Immune Protection
Preovulatory and postovulatory coats may provide an immunological barrier between the mother and the genetically dissimilar conceptus by preventing direct contact with immunocompetent cells and microorganisms [38] . The egg jelly of oviparous amphibians has antimicrobial properties [10] . In mice, the ZP is permeable to immunoglobulins [69] , but this and other coats may act to shield the conceptus from immune recognition during the preimplantation period [7] . Supporting this, common brushtail possum conceptuses without a shell coat are targeted by the uterine immune response, induced by immunization against a uterine-secreted protein [30] .
Physical Protection
The reduction or loss of outer coats in viviparous members of classes with both oviparous and viviparous species highlights their role in providing a physical barrier between the conceptus and the external environment [9, 10, 14] . In marsupials and some eutherians, the coats provide scaffolding for the expanding blastocyst during the preimplantation period [7, 70] .
Nutrition
In oviparous species, the entire nutritive requirements of the conceptus are provided at oviposition. In crocodilians and chelonians, water is provided in the albumen, but in squamates this water is contained in the yolk [14] . The calcium crust in birds and squamates is used for the development of the skeleton [24] , and the uterine-secreted embryonic coats of oviparous amniotes are porous, allowing gas exchange for the developing conceptus [2, 8] .
Implantation
The presence of the reproductive tract-derived and conceptus-derived coats around conceptuses may prevent premature implantation and assist in conceptus spacing, as hatching from the oocyte and embryonic coats precedes close association and implantation with the uterine epithelium in viviparous squamates [14] , marsupials [12] , and eutherians [7] . Rabbit blastocysts formed in vitro without a mucoprotein layer or gloiolemma cannot implant into a recipient uterus [71, 72] . The gloiolemma (''sticky peel'') becomes sticky due to pH changes in blastocyst fluid at the time of implantation, particularly at the abembryonic pole [73] . In the horse, the capsule protects the conceptus during the preimplantation movement between the two uterine horns, which is required for conceptus-maternal signaling to maintain pregnancy [74] .
CONCLUSIONS
The homology of the oocyte coat has been well established, but little is known about the reproductive tract-derived coats, especially those of nonmammalian vertebrates and the conceptus-derived coats. Reclassification of the coats will render the origin and function of these coats more clear and will allow researchers to investigate homology between vertebrate extracellular preovulatory and postovulatory coats. [16] . Deposited in concentric layers [16] . Egg capsule Albumen and protein [4] . Secreted by baffle region of the oviduct [4] . Viviparous speciesthinner than oviparous species, retained at implantation [17] .
VERTEBRATE EGG COATS
No coat secretion. The reproductive tract is not derived from the Mü llerian duct [4] .
Egg jelly Acid and neutral mucopolysaccharide and mucoproteins [10] . 1-8 capsules each secreted by distinct regions of the oviduct [10] . Nonaquatic species: fewer, tougher and stickier capsules [10] .
Continuous 'membrane' Secreted by infundibulum. Sheet-like [18] . Outer vitelline envelope Secreted by infundibulum. Filamentous & granular [18] . Chalazae Secreted by distal infundibulum [19] . Fibrous [4] coiled [4, 19] . Anchors egg in albumen [4] . Albumen Secreted by magnum [2] . Three fluid layers [4] . Peri-albumen Secreted by magnum/ isthmus junction [20] . [9] .
No coat secretion Early studies suggested that the uterus contributes to the outermost egg jelly layer in a species of newt, Triturus viridescens, however more recent studies suggest that the outer coats are complete once the egg enters the uterus [22] . In viviparous amphibians nutrients are synthesized by uterine epithelial cells, which detach from the basal lamina and are engulfed by larvae in the uterine lumen [23] .
Outer crust Calcium carbonate [2] . Mineral phase -95%, mainly calcium carbonate. Organic phase -5% proteins, glycoproteins, and proteoglycans [24] . Secreted by glandular epithelium [11] . Porous [2] . [14] only in crocodilians and chelonians. Only water deposited in squamates [4, 14] . Homologous region to magnum not identified in squamates [14] . Water required during external development in oviparous squamates is located in the yolk [14] .
Conceptus
Mucoid coat Sulphated acid glycoproteins [15] . Secreted by the oviduct [8] . Similar histochemical properties to marsupial and rabbit mucin layer [15] .
Mucoid coat Mucoprotein [12] . Secreted by luminal epithelium of ampulla, isthmus regions of the oviduct [12] .
Mucoprotein layer Rabbit [21] .
Composition? No distinct coat
But additions to the zona pellucida found in: rodents; primates; cat; ungulates [7] .
Bilayered. Reduced in viviparous squamates [25] . Inner layer: thinner, sulphated lycosamino-glycans [26] . Secreted by luminal epithelium in viviparous squamates [26] . Outer layer: thicker, acidic glycoproteins; polymerize to form fibers after secretion [25, 27] . Secreted by glandular epithelium [25] . Outer crust Absent in viviparous squamates: [4, 27] . Calcified in crocodilians and oviparous squamates, aragonite in chelonians [14] . Secreted by luminal epithelium [4, 27] .
Basal layer
Composition? Secreted by uterine glandular epithelium that has invaded up into the lower oviduct. Volume data suggests that it is secreted by the uterine glandular epithelium during uterine gestation [28] . Rodlet Layer Composition? Secreted by glandular epithelium [15] . Protective matrix Composition? Secreted by glandular epithelium. Coarse and granular [15] .
Shell coat Proteinaceous [29] . Secreted by luminal [30] and glandular [29] epithelium. Polymerizes to form fibers after deposition [12] .
Gloiolemma
Rabbit [21] . No distinct coat But additions to the zona pellucida found in: carnivores; mole; ungulates; horse [7] . N N Y [12] Perivitelline space matrix Released from cortical granules at fertilization. Deposited under zona pellucida [7] . Neozona (Rabbit) [21] . Capsule (Horse) [32] . Mucin glycoproteins [32] . Deposited under zona pellucida of blastocyst [7] before zona hatching. Also: found in seal, baboon, skunk [7] .
VERTEBRATE EGG COATS
